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Salicylic acid (SA) is an essential hormone in plant
immunity, but its receptor has remained elusive for
decades. The transcriptional coregulator NPR1 is
central to the activation of SA-dependent defense
genes, and we previously found that Cys521 and
Cys529 ofArabidopsisNPR1’s transactivationdomain
are critical for coactivator function. Here, we demon-
strate that NPR1 directly binds SA, but not inactive
structural analogs, with an affinity similar to that of
other hormone-receptor interactions and consistent
with in vivo Arabidopsis SA concentrations. Binding
of SA occurs through Cys521/529 via the transition
metal copper. Mechanistically, our results suggest
that binding of SA causes a conformational change
in NPR1 that is accompanied by the release of
the C-terminal transactivation domain from the
N-terminal autoinhibitory BTB/POZ domain. While
NPR1 is already known as a link between the SA
signaling molecule and defense-gene activation, we
now show that NPR1 is the receptor for SA.
INTRODUCTION
Salicylic acid (SA) is an endogenous phytohormone in the
deployment of systemic acquired resistance (SAR), a broad-
spectrum and long-lasting immune response activated by aviru-
lent pathogens (Vlot et al., 2009). Its deployment is monitored
through the marker gene PR-1 (Ward et al., 1991), whose activa-
tion requires the recruitment of an SA-dependent transcriptional
enhanceosome to its promoter (Rochon et al., 2006). The en-
hanceosome contains members of the TGA2 clade of bZIP
transcription factors (Zhang et al., 2003) and the transcriptional
coactivator NPR1 (Rochon et al., 2006), the central regulator of
SAR and SA-dependent gene activation (Ryals et al., 1997;
Cao et al., 1997). TGA2 is a transcriptional repressor and thus
requires a coactivator to effect gene activation (Rochon et al.,
2006). NPR1 provides a dual function in the enhanceosome.
First, its N-terminal region contains a BTB/POZ domain that
interacts with and negates the function of the TGA2 repressiondomain (Boyle et al., 2009). Second, NPR1 harbors in its
C-terminal region a transactivation domain (Figure S1), which
contains two cysteines (Cys521 and Cys529) required for the acti-
vating function of the enhanceosome (Rochon et al., 2006).
Endogenous NPR1 localizes to both the nucleus and the
cytosol (Despre´s et al., 2000) and nuclear localization is critical
to activate PR-1 (Kinkema et al., 2000). A fraction of the nuclear
NPR1 population acts as a latent coactivator, which is recruited
under noninducing conditions to the PR-1 promoter (Rochon
et al., 2006). There thus exists an uncharacterized mechanism
by which the NPR1 transactivating domain remains occluded
under noninducing conditions and gets unveiled during SA-
dependent gene activation. Furthermore, although genetic
analyses have revealed many genes involved in SA signaling
(Vlot et al., 2009), the receptor responsible for sensing SA and
leading to direct or indirect NPR1 activation remains elusive.
While enzymes, such as catalase (Chen et al., 1993), peroxi-
dase (Durner and Klessig, 1995), and methyl-salicylate esterase
(Forouhar et al., 2005), have been shown to directly interact with
SA, their proposed role in SAR has been controversial (Attaran
et al., 2009; Kvaratskhelia et al., 1997; Bi et al., 1995; Neuensch-
wander et al., 1995). SA was originally portrayed as a catalase
and peroxidase inhibitor, leading to the generation of H2O2 and
the production of PR proteins (Chen et al., 1993). However,
H2O2 was later shown not to be a second messenger acting
downstream of SA (Bi et al., 1995; Neuenschwander et al.,
1995), invalidating the role of catalase and peroxidase as SA
receptors for PR gene activation. Whereas methyl-salicylate
esterase has been shown to play a role in tobacco (Forouhar
et al., 2005), it clearly has no role in SAR in Arabidopsis (Attaran
et al., 2009). Most importantly, these enzymes are not classical
transcription regulators and therefore, they are unlikely to regu-
late gene expression directly. Therefore, in Arabidopsis, the SA
receptor leading to PR gene activation remains elusive. The
simplest model linking gene activation with SA perception is
one in which SA directly interacts with NPR1 to effect gene
activation.
It has been more than a decade since NPR1 was identified to
be the key regulator of SAR in Arabidopsis. However, no one has
reported a direct interaction between the NPR1 protein and
SA, excluding NPR1 as the receptor for SA. Here we show that
NPR1 specifically interacts with SA and the synthetic SAR
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ester (BTH). We demonstrate that NPR1 binds both SA and
copper through Cys521/529. Removal of metals through chelation
abolishes the binding of SA by NPR1, even in the presence of
intact Cys521/529. We show that the NPR1 oligomers can be dis-
assembled by a direct binding of SA, effected by a confor-
mational change in the C-terminal transactivation domain,
which leads to a decrease in the affinity of this domain for the
N-terminal BTB/POZ of NPR1. Finally, we show that the BTB/
POZ domain of NPR1 is inhibitory to the function of the
C-terminal transactivation domain. Broadly, we critically reveal
that the Arabidopsis NPR1 is the SA receptor linking SA percep-
tion and transcription activation. Furthermore, the mechanism
put forth in this paper has implications in all fields studying small
molecule-protein interaction as it divulges an unprecedented
mode of binding through coordinated metals.
RESULTS
NPR1 Binds Specifically to SA
To test whether NPR1 can bind SA directly, we coupled NPR1 to
a solid phase and incubated it with [14C]SA, followed by washes
to remove unbound ligands and the counting of bound ligands.
This method did not yield a measurable equilibrium dissociation
constant (Kd) (Figure 1A).
Since washes could re-equilibrate SA between the solid and
mobile phases, we opted to use an equilibrium method that
would avoid such a potential pitfall. Using equilibrium dialysis
(EqD) (Piscitelli et al., 2010), we determined that NPR1 and
[14C]SA could interact with each other, the amount of SA bound
to NPR1 being close to 4-orders of magnitude above a no-
protein experiment (Figure 1B). From these data, a low apparent
Kd of 140 ± 10 nM was calculated (137 ± 13 nM using the satu-
ration curve in Figure 1C). The data were best-fitted to a single-
site-binding rectangular hyperbola (Figure 1C), indicating that SA
binds to one class of binding sites in NPR1. The maximum
binding (Bmax) was 0.96 ± 0.01 mol SA per mol NPR1. Figure 1D
shows a Scatchard plot of the data.
We also tested which of the two domains (BTB/POZ or
C-terminal transactivation domain [construct D513]) can directly
interact with SA. The data demonstrated that the binding ofD513
to SA (Kd = 1.49 ± 0.02 mM) is more than two orders of magnitude
above that of the BTB/POZ (Kd = 597 ± 14 mM) (Figure 1B). The
NPR1 Kd is comparable to the Kd found for other plant-hormone
receptor-ligand interactions and is in accordance with the in vivo
SA concentration in Arabidopsis (Table S1).
Homologous and heterologous competitive binding curves
(Figures 1E and 1F) indicated that the structurally related inactive
analogs (Figure 1G), i.e., catechol (Delaney et al., 1994), methyl-
salicylate (Me-SA) (Attaran et al., 2009), 4-hydroxy benzoic acid
(4-OHBA) (Bi et al., 1995), and 3-hydroxy benzoic acid (3-OHBA)
(Conrath et al., 1995), did not interact with NPR1 with the same
affinity as SA. In contrast, the structurally related active analogs
of SA (Figure 1G), 4-chloro SA, 5-chloro SA, and 3,5-dichloro SA
(Conrath et al., 1995), could bind NPR1 with a similar or slightly
better affinity than SA (Figure 1F), consistent with their capacity
to trigger PR-1 expression in Arabidopsis (Figure 1H). This excel-
lent affinity, saturability, and chemical specificity of NPR1 for SA
support a model in which NPR1 is an SA receptor.640 Cell Reports 1, 639–647, June 28, 2012 ª2012 The AuthorsFrom these data, one can deduce that a hydroxyl group in
ortho position to a free carboxylate on the aromatic ring are
two structural elements required for binding to NPR1. This
inference agrees with the result in Figure 1E, which shows
NPR1 has a similar or slightly higher affinity for BTH than for
SA. BTH, containing two sulfur atoms in positions geometrically
equivalent to the oxygens in the carboxylate and hydroxyl group
of SA (arrows on BTH; Figure 1G), is a synthetic SAR and PR-1
expression inducer (Lawton et al., 1996; Go¨rlach et al., 1996; Fig-
ure 1H). However, a look at 2,6-dichloroisonicotinic acid (INA)
reveals that though it is similar to 3,5-dichloro SA, it lacks the
hydroxyl group (arrow on INA; Figure 1G). Therefore INA, as
predicted, could not bind NPR1 (Figure 1E) and it was a poor
inducer of PR-1 expression in Arabidopsis (Figure 1H), 42 times
less effective than an identical concentration of SA (300 mM) and
ten times less effective than the weakest active SA analog,
4-chloro SA (Figure 1I). These data suggest that INAmay activate
PR-1 through amechanism different from that of SA. The binding
data in Figure 1 have been validated by a second equilibrium
approach, scintillation proximity assay (SPA) (Figure S1).
NPR1 Binds SA through Cys521/529 via the Transition
Metal Copper
Cys521/529 of NPR1 is required, along with SA treatment, for the
activation of PR-1 in vivo and for the transactivating function of
D513 and the full-length NPR1 (Rochon et al., 2006). Since SA
can coordinate transition metals through its oxygen atoms
(Palanisami et al., 2006), we asked whether D513 could interact
with a transition metal and whether this interaction would
be dependent on Cys521/529. To do so, HA-tagged D513 was
passed through an immobilized metal-affinity column bound to
Ni2+ (Ni-NTA) and eluted with imidazole. Despite the absence
of a His-tag onD513, the protein interacted with themetal-bound
matrix and was eluted with imidazole just like a His-tagged
protein would (Figure 2B). Chelation of the Ni2+ by EDTA abol-
ished the recruitment to the NTA matrix (Figure 2C), demon-
strating that the binding of this protein is metal dependent.
The recruitment of this protein to the Ni-NTA matrix was also
abolished when Cys521/529 were both mutated to serine residues
(D513 S521/529) or if the protein was further deleted by 20 amino
acids (D533), suggesting that Cys521/529 are critical to the
transition-metal-binding activity of NPR1 (Figures 2D and 2E).
To confirm that SA-binding occurs through Cys521/529 and is
metal dependent, we tested the capacity of both full-length
NPR1 S521/529 and D513 S521/529, as well as wild-type D513 in
the presence of EDTA, to interact with SA, using EqD (Figure 2F).
Both metal chelation and the Cys521/529 mutations drastically
reduced the SA binding to the C terminus of NPR1 by several
orders of magnitude (Figure 2F). Using these data, an apparent
Kd of 1.23 ± 0.3 mM for D513 S
521/529, and R125 mM for
D513 + EDTA, could be calculated. The results of Figure 2
support a model in which SA binds to NPR1 via Cys521/529
through the coordination of SA by a transition metal.
We next asked which of the transition metals (defined as
d-block elements of the periodic table) most commonly found
in living organisms might be associated with NPR1 in vivo. First,
purified Strep-tagged D513 from Escherichia coli was analyzed
by inductively coupled plasma-mass spectrometry (ICP-MS)
Figure 1. NPR1 Is a Specific SA Receptor
(A and B) Assays in which no protein, NPR1, BTB/POZ (POZ), or D513 were tested for SA binding using (A) a solid-phase method or (B) equilibrium dialysis (EqD)
(n = 3).
(C) Saturation binding of SA to NPR1 using EqD.
(D) Scatchard plot of the data in (C).
(E and F) Competitive binding curves for the SA-NPR1 interaction using EqD (n = 3). (See also Table S1 and Figure S1).
(G) Structures of the competitors.
(H) Quantitative RT-PCR. All treatments were for 12 hr (n = 3).
(I) Fold induction of PR-1 using data in (H).
(A, B, E, F, and H) Data are reported as mean ± 1 SD.(Wang and Brindle, 2011) (Table S2). The data indicated that
D513 associated preferentially with copper (Figure 2G), and
that the mutations of Cys521/529 severely curtailed metal interac-
tion. Second, full-length wild-type NPR1 was immunoprecipi-
tated from Arabidopsis using anti-NPR1 antibodies before metal
analysis by ICP-MS (Table S2). As a negative control, plants ex-
pressing a variant of full-length NPR1 lacking Cys521/529 were
used (Rochon et al., 2006). The results (Figure 2H) were consis-
tent with the observations made from E. coli-produced proteins
in that NPR1 associated preferentially with copper and to a lesserextent with nickel. Mutations of Cys521/529 severely curtailed the
capacity of NPR1 to interact with these metals. Contamination
by manganese and zinc was present in Arabidopsis extracts,
but their detection did not depend on Cys521/529.
The Conformation of NPR1 and D513 Are Altered by SA
To explore the effect of SA on the conformation of NPR1, we per-
formed gel filtration experiments (Figure 3). In the absence of SA,
NPR1 eluted in the void volume of a Sephacryl S300 column (Fig-
ure 3A). Upon treatment with SA, NPR1 redistributed to theCell Reports 1, 639–647, June 28, 2012 ª2012 The Authors 641
Figure 2. Cys521/529 and Copper Are Essential for
SA Binding
(A) Sequence of D513 showing Cys521 and Cys529.
(B–E) Immunoblot of HA-tagged D513 (B and C), D533 (D),
or D513 Ser521/529 (E) separated by Ni-NTA in the absence
(B, D, E) or presence (C) of 50 mM EDTA. FT indicates
flowthrough.
(F) Assays in which D513, D513 + EDTA, D513 Ser521/529,
or NPR1 Ser521/529 were tested for [14C]SA-binding using
EqD (n = 3).
(G and H) Concentrations of metals associated with (G)
E. coli-produced D513 (WT) or D513 Ser521/529 (mut) or (H)
Arabidopsis-produced NPR1 (WT) or NPR1 Ser521/529
(mut) (n = 2).
In (F)–(H), data are reported as mean ± 1 SD (see also
Table S2).included volume (Figure 3B) with a stoichiometry consistent with
that of a dimer (Tables S3 and S4). Mutations of Cys521/529 or
chelation by EDTA negated the NPR1 conformation change
due to SA treatment (Figures 3C–3E), confirming the requirement
for Cys521/529 and a metal for SA interaction (Figure 2F). A chem-
ical specificity test using catechol, 4-OH BA, and Me-SA indi-
cated that these inactive structural analogs did not alter the
conformation of NPR1 (Figures 3F–3H), consistent with their
reduced capacity to interact with NPR1 (Figure 1E). Finally, treat-
ment of NPR1 with the reducing agent DTT did not induce
a redistribution of the protein to the included volume (Figure 3I),642 Cell Reports 1, 639–647, June 28, 2012 ª2012 The Authorsindicating that reducing conditions were not
required or sufficient for the SA-induced
NPR1-redistribution observed here. A typical
Coomassie-stained gel of the void fraction re-
vealed that NPR1 and NPR1 S521/529 were the
major protein components of the void (Fig-
ure 3J), and thus the oligomers were unlikely
to be due to the presence of contaminating
E. coli proteins.
We then addressed whether NPR1-depen-
dent oligomers are present on DNA in vivo by
combining chromatin crosslinking, gel filtration,
and qPCR (the 3C Method). The rationale was
that, if an NPR1-dependent oligomer forms on
the PR1 promoter in vivo, we should be able to
detect the presence of PR1 by qPCR in the
void fraction of an S300 after the chromatin
has been crosslinked and sheared by sonica-
tion. Figure 3K indicates that in wild-type (WT)
plants, such an oligomer formed on the PR-1
promoter (in the region –734 to –833) in the
absence of SA (water control), but not after SA
treatment. Repeating the experiment using
npr1-3mutants demonstrated that this oligomer
was NPR1 dependent. Treatment of wild-type
Arabidopsis with the inactive SA analog, 4-OH
BA, did not reduce the amount of NPR1-depen-
dent oligomer. These in vivo data are consistent
with the in vitro data of Figures 3A, 3B, and 3G.
We could not use BTH treatment in the in vitrochromatography due to its low solubility in water. However, per-
forming the 3Cmethod on plants treated with BTH revealed that,
like SA, this active analog also reduced the amount of NPR1-
dependent oligomer on the PR-1 promoter (Figure 3K). In
contrast, INA, which did not interact with NPR1 in vitro and did
not activate PR-1 to the same extent as SA or BTH (Figures 1E
and 1H), did not affect the NPR1-dependent oligomer on the
PR-1 promoter (Figure 3K). This result further suggests that
INA may not be a functional analog of SA.
We also investigated the conformation ofD513 by gel filtration.
Before and after SA treatment, D513 was found in the included
Figure 3. SA Causes a Change in the Conformation of NPR1
(A–I) Immunoblot analysis of protein fractions from an S300 elution profile of (A and C) untreated, (B and D) SA-treated, (E) EDTA and SA-treated, (F) catechol-
treated, (G) 4-OH BA-treated, (H) Me-SA-treated or (I) DTT-treated Strep-tagged NPR1 or (C and D) Strep-tagged NPR1 Ser521/529. See also Tables S3 and S4.
(J) Coomassie stain of 30 mg each of purified NPR1 and NPR1 Ser521/529.
(K) 3C Method showing the presence/absence of NPR1-dependent oligomer on the PR-1 promoter in vivo as a result of treatment with SA, BTH, 4-OH BA and
INA. Data were reported as the ratio of PR-1 over UBQ5 (n = 2). Data are reported as mean ± 1 SD.
(L and N) S100 gel filtration chromatogram showing the elution profile of purified Strep-tagged D513 (L) untreated or (N) treated with 1 mM SA.
(M and O) Immunoblots using an anti-Strep antibody against fractions from the chromatograms in (L) and (N), respectively. These correspond to the void volume
and the predicted elution volumes of a theoretical D513 oligomer of 11 sub-units, tetramer, trimer, dimer, and monomer and a fraction located between a dimer
and monomer (D–M). Each fraction contains 0.5 ml.
See also Tables S5 and S6.volume of a Sephacryl S100 column (Figures 3L and 3N). The
stoichiometry of the untreated D513 was consistent with that
of both a dimer and a trimer (Figures 3L and 3M), while the stoi-
chiometry of the SA-dependent redistributed form of D513 was
consistent with that of a dimer (Figures 3N and 3O; Tables S5
and S6). However, the elution volumes of the dimer in the
untreated (58.78 ml) versus the SA-treated (57.18 ml) D513
were different and therefore indicated that these dimers may
not have the same conformation. The elution volume of theSA-dependent dimer was closer to that of the theoretical dimer
(57.26 ml).
SA Disrupts the BTB/POZ-Transactivation Domain
Interaction
When tethered to the Gal4 DNA-binding domain (DB) in an in vivo
plant transcription assay, the transactivation domain of NPR1
(construct D513) can activate transcription in the absence of
SA treatment, but tethering of the full-length NPR1 did notCell Reports 1, 639–647, June 28, 2012 ª2012 The Authors 643
Figure 4. NPR1 Binds SA to Relieve Sequestration of the Transactivating Domain by the BTB/POZ
(A) In vivo transcription assays showing that D513:DB, but not NPR1:DB, can activate the transcription of a reporter gene in the absence of SA treatment (n = 25).
(B) In vivo plant two-hybrid assays showing that D513:DB can only interact with the BTB/POZ domain (POZ:DB) in the absence of SA (n = 25).
(C–E) Pull-down assay using (C and D) the Strep-TaggedBTB/POZ coupled to the StrepTactin solid-phase or (E) the empty StrepTactin solid-phase and (C and E)
the D513 fused to the HA-Tag or (D) the VLRSgt protein fused to the GST-tag.
(F) In vivo transcription assays using D513:DB, alone or in complex with the BTB/POZ (POZ) not fused to any domain (n = 25).
(G) In vivo repression assays using the BTB/POZ domain (POZ:DB). Where indicated, the LexA DB fused to the viral protein 16 transactivation domain
(LexA:VP16) was also transfected in order to activate the reporter gene (n = 25).
(H) Model of the SA-induced disruption of the BTB/POZ-D513 interaction.
(A, B, F, and G) Data are reported as mean ± 1 SD.
(B, F, and G) n.s. indicates nonsignificance at p = 0.05 and the asterisks indicate significance at p = 0.05.(Rochon et al., 2006) (Figure 4A), suggesting the presence of an
autoinhibitory domain in NPR1. Since BTB/POZ domains can be
autoinhibitory (Pinte et al., 2004; Espina´s et al., 1999; Katsani
et al., 1999; Bardwell and Treisman, 1994), we tested whether
the NPR1 BTB/POZ can interact with the NPR1 transactivation
domain. We first used an Arabidopsis plant two-hybrid system
(Boyle et al., 2009; Rochon et al., 2006), where the BTB/POZ
was fused to the DB (POZ:DB) and the D513 was fused to the
VP16 transactivation domain (D513:TA) (Figure 4B). Here, the
reporter gene was monitored through its mRNA as opposed to
its enzyme activity, which provided a greater signal-to-noise644 Cell Reports 1, 639–647, June 28, 2012 ª2012 The Authorsratio. BTB/POZ self-association (POZ:DB + POZ:TA) in the
absence or presence of SA (Boyle et al., 2009) served as a
positive control. The interaction between the BTB/POZ and
D513 (POZ:DB + D513:TA) was observable in the absence of
SA (significantly different from Gal4 DB, p < 0.05), but not
after SA treatment (not significantly different from Gal4 DB,
p > 0.05), indicating that SA disrupts the BTB/POZ-D513 associ-
ation (Figure 4B).
We then tested the interaction in vitro in a pull-down assay.
Because the BTB/POZ was eluted from the solid support with
the competing ligand, desthiobiotin, but not with 1 mM SA
(Figure 4C, left panel), we could conclude that SA, at the concen-
tration tested, did not disrupt the Strep-tag/StrepTactin interac-
tion. The pull-down indicated that the BTB/POZ interacted with
D513, but that the interaction was disrupted by 1 mM SA (Fig-
ure 4C, right panel). No D513 could be further eluted by desthio-
biotin, indicating that SA displaced all of the D513 from the solid
phase (Figure 4C, right panel). As negative controls, first an unre-
lated protein (VLRSgt) (Hall and De Luca, 2007) was shown not to
interact with BTB/POZ (Figure 4D) and second D513 was shown
not to interact with the solid support in the absence of BTB/POZ
(Figure 4E). Together these data demonstrate that SA directly
disrupts the BTB/POZ-D513 interaction, which is consistent
with the conformation change of NPR1 and D513 brought about
by SA (Figure 3).
The NPR1 BTB/POZ Inhibits the Transactivation
Potential of D513
We next addressed whether the BTB/POZ could modulate the
transcriptional properties of D513 (Figure 4F). When D513:DB
was coexpressed in Arabidopsis leaves with the BTB/POZ (not
fused to any foreign transcription-activation or DNA-binding
domain), expression of the reporter gene in untreated cells was
reduced to background levels. However, the transcription
activity of D513 in SA-treated cells was unaffected by the BTB/
POZ, consistent with the fact that these two proteins could
only interact in the absence of SA (Figure 4B). In an in vivo plant
repression assay, where the reporter gene is first activated by
LexA:VP16 before testing for repression using a Gal 4 DB fusion,
the NPR1 BTB/POZ did not appear to repress the promoter back
to basal (Gal4 DB) level (Figure 4G). These data revealed the
autoinhibitory capacity of the BTB/POZ despite it not being an
autonomous transcriptional repression domain. Therefore, in
the absence of SA, the BTB/POZ must have masked the inter-
face on the C-terminal transactivation domain required for its
function.
DISCUSSION
Given the saturability by SA, the low Kd, and the chemical spec-
ificity of the SA-NPR1 interaction, which are hallmarks of
a receptor, Arabidopsis NPR1 is a bona fide SA receptor (Fig-
ure 1). Several lines of evidence suggest that NPR1 plays the
role of an SA receptor in vivo, in the signaling cascade leading
to PR-1 activation. First, unlike some enzymes that have been
shown to interact with SA (see Introduction) but do not control
the PR-1 gene, NPR1 is clearly accepted as the key regulator
of SAR deployment and PR-1 activation (Ryals et al., 1997;
Cao et al., 1997). Second, mutation of the NPR1 gene abolishes
the SA-signaling leading to SAR deployment and PR-1 activa-
tion, indicating that NPR1 acts downstream of SA and therefore
is placed in a proper position in the signaling cascade for it to be
an SA receptor (Ryals et al., 1997; Cao et al., 1997). Third, SA, its
chlorinated derivatives (Conrath et al., 1995), and BTH act as
strong PR-1 activators in vivo (Lawton et al., 1996; Go¨rlach
et al., 1996) (Figures 1H and 1I). In vitro, they directly interact
with NPR1 (Figures 1E and 1F). Fourth, four nonfunctional
analogs structurally related to SA, but that do not activate
PR-1 in vivo (Attaran et al., 2009; Bi et al., 1995; Conrath et al.,1995; Delaney et al., 1994), do not interact with NPR1 in vitro,
either (Figures 1E and 1F). Fifth, we have identified that
Cys521/529 are required for the in vitro binding of SA to NPR1 (Fig-
ure 2F). In vivo, mutation of these cysteines abolishes PR-1 acti-
vation by SA (Rochon et al., 2006). Sixth, NPR1 requires copper
for its interaction with SA in vitro and copper binds NPR1 through
Cys521/529 (Figure 2G). In vivo, NPR1 is a copper-binding protein
and mutations of Cys521/529 abolishes copper binding (Fig-
ure 2H). Seventh, SA disrupts the interaction between the
N-terminal BTB/POZ and the C-terminal transactivation domain
of NPR1, both in vivo and in vitro (Figure 4). We believe that
these in vivo/in vitro correlative evidences provide substantial
support for a model in which NPR1 functions as an SA receptor
in vivo.
Although the role of SA in plant immunity has been known for
over two decades and that the NPR1 protein has been known to
positively regulate SAR since 1997 (Ryals et al., 1997; Cao et al.,
1997), it is only now that NPR1 emerges as an SA receptor. The
failure of the nonequilibrium solid-phase experiment to estimate
the Kd of the NPR1-SA pair (Figure 1A) is the likely explanation for
why it took so long to acknowledge that NPR1 is an SA receptor
and suggests that SAmay re-equilibrate very fast with themobile
phase to produce a highly labile NPR1-SA intermediate. There-
fore, biochemically, this lability would have made it difficult to
detect an SA-NPR1 complex by nonequilibrium approaches,
using a ligand bound to a solid support to purify a binding protein
from crude extracts, or filter-binding assays. From a biological
perspective, this fast exchange of SA on the NPR1 receptor
coupled with a low Kd would result in highly effective in vivo
sensing of SA, by allowing NPR1 to rapidly respond to fluctua-
tions in SA concentrations. This is reminiscent of other sensing
receptors, such as the Saccharomyces cerevisiae ZAP1 tran-
scription factor (Bird et al., 2003). Unlike zinc fingers involved
in DNA-binding, which bind zinc very tightly, ZAP1 has evolved
a specialized and uncommon high-lability zinc finger to sense
zinc levels and modify its transcription activity based on intracel-
lular zinc concentrations (Bird et al., 2003).
It has been shown that, in vivo and in untreated tissue, NPR1-
GFP behaves as an oligomer held together by disulfide bridges
(Mou et al., 2003). Cys521/529 were not identified as being re-
quired for the formation of this oligomer. Upon treatment with
an inducer, conditions become reducing and the oligomer disas-
sembles (Mou et al., 2003). Our data are consistent with these
previous findings, with the exception that the oligomeric form
of NPR1 that we studied did not require reducing conditions to
disassemble as SA alone was sufficient to directly cause this
structural change (Figures 3A, 3B, and 3I). Put together, our
data and that of Mou et al. (2003) call for a refinement of the olig-
omer disassembly model. First, a buildup of SA would lead to
reducing conditions inside the cell, which would lead to the
reduction of disulfide bridges in NPR1, as proposed by Mou
et al. (2003). However, according to our results, this is not suffi-
cient to break apart the oligomer, since reducing conditions were
not sufficient to drive the deoligomerization of the complex
as observed by gel filtration (Figure 3I). Therefore, we propose
a second step, in which SA would directly interact with
Cys521/529 of NPR1 to cause the final disassembly of the olig-
omer (Figures 3A and 3B). This step would have been missedCell Reports 1, 639–647, June 28, 2012 ª2012 The Authors 645
by Mou et al. (2003) since the SDS-PAGE, which was used
to assess oligomer formation, cannot discriminate between a
monomer and a higher-order structure held together by nonco-
valent interactions.
Cys521/529 are not universally conserved in NPR1 orthologs.
However, metal interaction with proteins is not strictly limited
to Cys. In fact, any amino acid harboring electronegative
elements in its side chain can potentially participate in metal
interaction (Xiao and Wedd, 2010). Figure S2 shows that such
electronegative atom-bearing amino acids are found in the
vicinity of the equivalent Cys521/529 position in NPR1 orthologs.
Conservation of Cys521/529 is not necessarily expected in NPR1
orthologs, since different species exhibit different resting levels
of SA. For instance, rice displays very high levels of SA in unchal-
lenged conditions compared to Arabidopsis (Silverman et al.,
1995). Therefore, it would be expected that rice NPR1 would
have different binding or kinetic constraints with respect to SA
interaction. We can then imagine that the SA-binding mecha-
nism would be similar from species to species, i.e., through
a metal cofactor, but that the interface would be variable and
tailored to the specific requirements of a given species. The
current study will be the catalyst that spurs investigations in
the intricacies of the SA-NPR1 ortholog binding parameters. In
support of NPR1 orthologs also being SA receptors, tobacco
NPR1 has been shown to be responsive in yeast treated with
SA, i.e., SA stimulates NPR1’s capacity to activate the transcrip-
tion of a reporter gene when tethered to DNA (Maier et al., 2011).
These results, while suggestive of a binding between tobacco
NPR1 and SA, cannot, at this time, be attributed to direct effects
of SA on the protein, since no experiments were designed to test
for a direct interaction, such as the equilibrium dialysis used in
the current study.
Although most major phytohormone receptors have been
identified (Table S1), SA remained one of the major small-
molecule plant hormones without a known signal transduction
receptor, until now. In Arabidopsis, direct binding of SA by the
receptor, NPR1, reorganizes the conformation of an NPR1-
dependent oligomer at the PR-1 promoter and abolishes the
interaction between the autoinhibitory N-terminal BTB/POZ
domain and the C-terminal transactivation domain of NPR1 (Fig-
ure 4H). Thus, a clear mechanistic path is established between
the sensing of SA by NPR1 and the unveiling of the NPR1 tran-
scriptional activation domain, a prerequisite to PR-1 gene
activation.
EXPERIMENTAL PROCEDURES
Proteins were expressed in E. coli as N-terminal fusions to the Strep-Tag or
HA-Tag according to standard protocols. Recombinant proteins were purified
using 1 ml Strep-Tactin Superflow Plus columns (QIAGEN) or 1 ml HisTrap FF
columns (GE Health) according to instructions. The Strep-Tactin buffer con-
tained 50 mM sodium phosphate (pH 8.0) and 300 mM NaCl. For ICP-MS
analyses, the buffer did not contain NaCl and used metal-free water. The
HisTrap buffer contained 50 mM HEPES (pH 7.5), 40 mM imidazole, and
150mMNaCl.Where indicated, theHisTrapmatrix was stripped ofmetal using
10 column-volumes of 50 mMEDTA. EqDwere performed at 4C for 24 hr with
4 mM of protein in StrepTactin buffer in two 500 ml chambers (A and B) sepa-
rated by a dialysis membrane with a cutoff of 3.5 kDa. Where indicated,
EDTA was added to both chambers to a final concentration of 5 nM. After
the 24 hr period, 100 ml from each chamber was removed and counted for646 Cell Reports 1, 639–647, June 28, 2012 ª2012 The Authors14C. Optimized ICP-MS determinations were performed as described (Wang
and Brindle, 2011). Sulfur determinations were made using the Dynamic Reac-
tion Cell ICP-MS with chemical resolution, facilitated by using oxygen to
generate SO+. ICP-MS intensities were converted to concentrations using cali-
bration curves (Table S2). Protein concentrations were based on sulfur
content. Curves were analyzed by nonlinear regression using GraphPad
PRISM 4. Chromatography on S100 and S300 were as described (Boyle
et al., 2009).
SUPPLEMENTAL INFORMATION
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